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Since the beginning of 2000s,  an increasing amount of data in the

(hidden/open) charm sector (collected at Belle, BaBar, LHCb and BESIII…), 

has provided evidences for many new exotic states, 

which appear to be inconsistent with the conventional quark model
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The flavor content of the Pc(4310), Pc(4440), Pc(4457) states is not exotic (uud),

but the high mass and the observation from J/ p pairs 

makes them to be unambiguous pentaquark candidates (𝒄ത𝒄𝒖𝒖𝒅)



LHCb Coll., Phys.Rev.Lett. 122 (2019) 222001
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These states find a natural explanation 

as baryon-meson molecules:

ഥ𝐷0Σ𝑐
+ threshold: 4318 MeV → Pc(4312)

ഥ𝐷∗0Σ𝑐
+ threshold: : 4460 MeV →

Pc(4440), Pc(4457)   

and were already predicted in 2010!



Molecular models

- Wu, Molina, Oset, Zou, 

PRL 105, 232001 (2010); PRC 84, 015202 (2011)

- Yang, Sun, He, Liu, Zhu, Chin. Phys. C 36, 6 (2012)

- Xiao, Nieves, Oset, PRD 88, 056012 (2013)

- Karliner, Rosner, PRL 115, 122001 (2015)

S=0 (𝑐 ҧ𝑐𝑞𝑞𝑞), 𝑞 = 𝑢, 𝑑

Exotic baryons 
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S=-1 (𝑐 ҧ𝑐𝑞𝑞𝑠), 𝑞 = 𝑢, 𝑑

Exotic baryons 

Pcs(4459)

LHCb, PRL 131 (2023) 3, 031901 LHCb, Sci. Bull. 66 (2021) 1278

Pcs(4338)
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S=-2 (𝑐 ҧ𝑐𝑞𝑠𝑠), 𝑞 = 𝑢, 𝑑

Exotic baryons 
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S=-2 (𝑐 ҧ𝑐𝑞𝑠𝑠), 𝑞 = 𝑢, 𝑑

Exotic baryons 

Some theoretical studies predict molecular-type states
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Unitarized t-channel vector-meson exchange interaction

Effective Chiral Lagrangian
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Unitarized t-channel vector-meson exchange interaction

S-wave

𝑡 ≪ 𝑚𝑉∗
2

Interaction kernel

The only model parameter is pion decay constant, 𝒇 = 𝒂𝒇𝝅

Effective Chiral Lagrangian
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S=-2 sector 

Interaction kernel

Local hidden gauge approach assuming SU(4) flavour symmetry
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Light and heavy sectors are practically “decoupled”

S=-2 sector 

Interaction kernel



𝑻𝒊𝒋 = 𝑽𝒊𝒋 + 𝑽𝒊𝒍𝑮𝒍𝑻𝒍𝒋

Bethe-Salpeter equation

𝑻 = 𝟏 − 𝑽𝑮 −𝟏𝑽

System of the algebraic  equations

On shell factorization

Unitarization via coupled channels

Interaction kernel 𝑽𝒊𝒋

Scattering 
amplitud 

𝑻𝒊𝒋
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Unitarization via coupled channels: Loop function
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dim reg. cut-off

Loop function regularization

→ “natural size” (μ=630 MeV)

[Oller and Meissner, PL B500 (2001) 263]



Loop function regularization
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𝑇 = 1 − 𝑉𝐺 −1𝑉

Poles:  det 1 − 𝑉𝐺 = 0

Uncoupled approach:
Re(𝐺) ∼ 𝑉−1

Loop function regularization

- 18 -



𝑇 = 1 − 𝑉𝐺 −1𝑉

Poles:  det 1 − 𝑉𝐺 = 0

Uncoupled approach:
Re(𝐺) ∼ 𝑉−1

Re(𝐺𝑘
HY) = ൝

Re 𝐺𝑘
CO 𝑖𝑓 𝑠 < 𝑀𝑘 +𝑚𝑘

Re 𝐺DR 𝑖𝑓 𝑠 ≥ 𝑀𝑘 +𝑚𝑘

Im 𝐺𝑘
HY = Im 𝐺𝑘

DR

Hybrid Loop:

Loop function regularization
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𝑇 = 1 − 𝑉𝐺 −1𝑉

Poles:  det 1 − 𝑉𝐺 = 0

Uncoupled approach:
Re(𝐺) ∼ 𝑉−1

Re(𝐺𝑘
HY) = ൝

Re 𝐺𝑘
CO 𝑖𝑓 𝑠 < 𝑀𝑘 +𝑚𝑘

Re 𝐺DR 𝑖𝑓 𝑠 ≥ 𝑀𝑘 +𝑚𝑘

Im 𝐺𝑘
HY = Im 𝐺𝑘

DR

Hybrid Loop:

Loop function regularization

𝐺HY avoids the generation of unphysical poles
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Sector 𝑆 = 0, 𝐼 = 1/2
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Sector 𝑆 = 0, 𝐼 = 1/2 (II)
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Sector 𝑆 = 0, 𝐼 = 1/2 (III)
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Sector 𝑆 = 0, 𝐼 = 1/2 (III)
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Comparison with other theoretical studies
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Local hidden gauge approach
based on SU(4) flavour symmetry

- Our results are consistent with those reported states in the literature

- New predictions in the 𝑆 = −1, 𝐼 = 1 sector



Comparison with other theoretical studies

Fake pole!
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- Our results are consistent with those reported states in the literature

- New predictions in the 𝑆 = −1, 𝐼 = 1 sector

Local hidden gauge approach
based on SU(4) flavour symmetry



Comparison with other theoretical studies
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Comparison with experimental data
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• 5 out of 6 exotic baryons can be associated to a molecular state.

• The 𝑃𝑐 4380 + cannot be associated to any of our predicted states

due to its large width.

• Further fine tuning of the parameters is necessary

Comparison with experimental data
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Conclusions

- We introduce a new regularization procedure of the loop function, 𝐺HY, 

which enables a cleaner unitarization of the scattering amplitude 

by avoiding the generation of unphysical poles 

- The generated states are in agreement with those predicted within

the 𝐺DR and 𝐺CO schemes. Also no significant differences is found with the states

reported in other theoretical works

- 5 out of 6 experimental states with hidden charm could be assigned with the states

predicted within our approaches, but further parameter tuning is necessary

- Our complete study of hidden charm pentaquarks with an 

improved unitarization method predicts 3 posible 𝑆 = −1, 𝐼 = 1 states

- No recent theoretical predictions in the 𝑆 = −1, 𝐼 = 1 sector have been found. 

This lack of information is most probably be related to the complex structures

of the T-matrix when using 𝐺DR or 𝐺CO
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- We introduce a new regularization procedure of the loop function, 𝐺HY, 
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